A new sea ice configuration, GSI8.1, is implemented in the Met Office global coupled configuration HadGEM3-GC3.1 which will be used for all CMIP6 simulations. The coupling between atmosphere and sea ice has been improved to increase stability in the thermodynamic solver. Here we describe the sea ice model component and show that the Arctic thickness and extent compare well with observationally based data. 10
where h snowpatch is a length scale parameter (Hunke et al. 2015) . Note that this is different from the parameterisation used in the previous configuration, GSI6.0, described by Rae et al. (2015) .
Thermodynamics
GSI8.1 is the first sea ice configuration of the Met Office model to use multi-layer thermodynamics. Previously, the sea ice model used the zero-layer formulation described in the appendix to Semtner (1976) , in which surface temperature reacts 5 instantaneously to surface forcing, and conduction within the ice is uniform. In the new formulation, the sea ice has a heat capacity, and hence conduction can vary in the vertical. The ice is divided into four vertical layers, each with its own temperature and prescribed salinity; an additional snow layer is permissible on top of the ice (Figure 1 ). The thermodynamics scheme is very similar to that described by Bitz and Lipscomb (1999) , present in CICE5.1.2, in which the diffusion equation with temperature-dependent coefficients is solved by the iteration of a tridiagonal matrix equation. 10
However, it is modified as described by West et al (2016) , with surface exchange calculations carried out in the Met Office surface exchange scheme, JULES. The diffusion equation is forced from above by the conductive flux from the ice surface into the top layer interior, a variable calculated by the surface exchange and passed to the ice model; the top layer temperature, thickness and conductivity become the bottom boundary condition for the next iteration of the surface exchange. 15 Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-212 Manuscript under review for journal Geosci. Model Dev. Discussion started: 11 September 2017 c Author(s) 2017. CC BY 4.0 License.
Semi-implicit coupling
The application of the above coupling method to three-dimensional modelling, in which the ocean and sea ice are on different grids to the atmosphere, initially caused some problems related to the apportionment of energy fluxes between ice cells. The OASIS-MCT coupler used by the Met Office does not have the functionality to regrid variables with time-varying weights; hence the conductive flux , calculated by the surface exchange in a single atmosphere grid cell, was divided 5 amongst the underlying ocean model cells in proportion to grid cell area, regardless of the fraction of ice present in those cells. In practice, this meant that cells with a low ice fraction received too much energy, while cells with a high ice fraction received too little. In a large number of instances this resulted in the CICE temperature solver being forced with exceptionally high local conductive fluxes, rendering convergence of the iterative solver difficult or impossible.
In order to deal with this problem, and render the coupling more physically realistic, the coupling was made semi-implicit, 10 making use of the fact that in GC3.1 ocean-atmosphere variables are passed through the coupler before atmosphere-ocean variables. In the new method, the sea ice fraction was passed by first-order conservative regridding to the atmosphere at a coupling instant, and this new sea ice fraction was used in JULES to divide through to produce a 'pseudo-local' conductive flux. This new flux was then passed to the ocean model in the normal way, where it was multiplied by the same ice fraction field on the ocean grid to produce the grid-box-mean field that would be used for the rest of the time step (Figure  15 2). This alternative grid-box-mean field has the properties of conserving energy, and of fluxes being of a magnitude roughly proportional to the underlying ice fraction, resulting in a more homogeneous, realistic local flux field with which to force the CICE temperature solver. In fact this field is exactly equivalent to the physically desirable solution that would be produced if fluxes were divided amongst underlying ocean grid cells in proportion to ice area (not shown).
Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-212 Manuscript under review for journal Geosci. Model Dev. Even after implementation of the semi-implicit coupling there remained two cases in which the CICE temperature solver, forced by conductive flux, would fail to converge. In the first case, convergence becomes very slow for thin, melting ice; particularly in summer, the surface exchange scheme would occasionally calculate large conductive fluxes for which the 10 solver would not converge within the required 100 iterations. To deal with this problem, a maximum threshold of was specified for the conductive flux, where is ice thickness; any surplus conductive flux above this value would be redirected to the bottom of the ice, and added to the ice-to-ocean heat flux.
The second problem was subtler, and caused by an instability related to the way in which the CICE thickness distribution interacts with the coupling method. In the Arctic, it is common for a large number of ocean cells each to underlie partially a 15 single atmospheric grid cell. In cold winter conditions, conducive to strong ice growth, the fraction of ice in the first (thinnest) category, , usually becomes quite small. With cold atmospheric temperatures, surface flux and conduction through ice in this category are necessarily strongly upwards; in some cells, random effects, perhaps dynamical, would cause Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-212 Manuscript under review for journal Geosci. Model Dev. Discussion started: 11 September 2017 c Author(s) 2017. CC BY 4.0 License.
conduction to be stronger than in others, and also lead to lower top layer temperatures. However, stronger conduction also promotes ice growth, which reduces the fraction in the grid cell, as it gets promoted to , rendering its top layer temperature less visible to the atmosphere. In a small number of cases this was found to cause runaway cooling, with top layer temperature in isolated cells cooling to below -100°C, forced by high negative conductive fluxes calculated by a surface exchange scheme that was seeing much higher gridbox mean ice temperatures. This problem was solved by linearly 5 reducing conductive flux to zero as top layer ice temperature fell from -60°C to -100°C, with the excess flux passed directly to the bottom of the ice (and therefore helping to grow more ice, the effect that would be expected to occur in reality).
Dynamics
The standard elastic-viscous-plastic rheology (EVP) for ice dynamics in CICE is used here (Hunke et al., 2015) . However, NEMO is on a C-grid and CICE on a B-grid. This is dealt with though simple interpolation from CICE to NEMO as 10 described in Hewitt et al. (2011) .
Model evaluation
An example of the sea ice evaluation provided here is the Arctic multiannual mean winter (December, January and February, DJF) ice thickness as diagnosed by the model (Figure 3) , both in its CMIP6 configuration of GC3.1 and its previous stable version GC2 (Williams et al., 2015) . The model present-day control is forced by greenhouse gases and aerosols from year The DJF ice extent in GC2 is low compared with the PIOMAS analysis and CryoSat-2 data, but consistent with the low ice 25 thickness. The extent compares well with the HadISST analysis in GC3.1, however, the ice is perhaps (this being thin ice that microwave observations, the basis of HadISST, may not be able detect) overly extensive in the Greenland and Norwegian seas. The winter sea ice extent simulated by GC3.1 is much closer to the HadISST observations than was the case for GC2 in the Bering/Chukchi, Barents and Labrador Seas. 
Summary 5
The GSI8.1 sea ice configuration of the Met Office Hadley Centre CMIP6 coupled model HadGEM3-GC3.1 has a number of physical enhancements compared to the previous version GSI6, including the introduction of multilayer thermodynamics and an explicit representation of the radiative impact of meltponds. A semi-implicit coupling scheme refines the transpose of atmospheric fluxes to the sea ice, improving the stability of the thermodynamic solver. The final GC3.1 namelist options and pre-processor keys (see Tables 1 and 2 Williams, K., Copsey, D., Blockley, E., Bodas-Salcedo, A., Calvert, D., Comer, R., Davis, P., Graham, T., Hewitt, H., Hill, 15 R., Hyder, P., Ineson, S., Johns, T., Keen, A., Lee, R., Megann, A., Milton, S., Rae, J., Roberts, M., Scaife, A., Schiemann, R., Storkey, D., Thorpe, L., Watterson, I., Walters, D., West, A., Wood, R., Woollings, T., and Xavier, P.: The Met Office Global Coupled model 3.0 and 3.1 (GC3 and GC3.1) configurations, Journal of Advances in Modeling Earth Systems, in press 2017. 
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